Observational analysis indicates significant changes in some temperature extremes over China across the mid-1990s. The decadal changes in hot extremes are characterized as a rise in annual hottest day and night temperature (TXx and TNx) and an increase in frequencies of summer days (SU) and tropical night (TR). The decadal changes in cold extremes are distinguished by a rise in annual coldest day and night temperature (TXn and TNn) and a decrease in frequencies of ice days (ID) and frost days (FD). These decadal changes manifest not only over China as a whole, but also over individual climate sub-regions. An atmosphere-ocean-mixed-layer coupled model forced by changes in greenhouse gases (GHG) concentrations and anthropogenic aerosol (AA) emissions realistically reproduces the general spatial patterns and magnitudes of observed changes in both hot and cold extremes across the mid-1990s, suggesting a pronounced role of anthropogenic changes in these observed decadal changes. Separately, changes in GHG forcing lead to rise in TXx, TNx, TXn and TNn, increase in frequencies of SU and TR and decrease in frequencies of ID and FD over China through increased Greenhouse Effect with positive clear sky longwave radiation and play a dominant role in simulated changes of both hot and cold extremes over China. The AA forcing changes tend to cool Southern China and warm Northern China during summer via aerosol-radiation interaction and AA-induced atmosphere-cloud feedback and therefore lead to some weak decrease in hot extremes over Southeastern China and increase over Northern China. Meanwhile, AA changes lead to warming over China during winter through cloud feedbacks related to aerosol induced cooling over tropical Indian Ocean and western tropical Pacific, and also induce changes in cold extremes the same sign as those induced by GHG, but with weak magnitude.
Introduction
Understanding of the changes in climate extremes and the underling drivers is important for human society, economies and ecosystems. In the last few decades, temperature extremes exhibited robust changes at global and regional scales, with more hot extremes and less cold extremes (e.g., Alexander et al. 2006; Donat et al. 2013) . The impacts of temperature extremes have highlighted the urgency of improved understanding of their physical causes and to what extent they are manifested in a warming world (e.g., Otto et al. 2012; Christidis et al. 2013; Perkins 2015) .
China experienced record-breaking heat waves and temperature extremes that imposed disastrous impacts on individuals and society (e.g., Yin et al. 2016; Zhou et al. 2016; Freychet et al. 2017) . Such as the 2013 heat wave in Central and Eastern China (Ma et al. 2017) , the 2014 hot and dry summer over Northeast China and the 2015 extreme hot summer over Western China . The trend of continuous warming and increase in hot extremes over China might be associated with the globalscale warming (e.g., Wei and Chen 2011) . This warming 1 3 trend and temperature increase in hot temperature extremes can be reproduced by the future climate change scenario (Yao et al. 2012) , implying the role of anthropogenic activity in increasing hot temperature extremes.
Previous attribution studies detected that anthropogenic activity, as a combined effects of greenhouse gases (GHG) concentrations and anthropogenic aerosol (AA) emissions, induces the changes in temperature extremes over China. Approximately 90% to the observed warming in hot extremes may contributed by anthropogenic forcing. (e.g., Wen et al. 2013; Yin et al. 2016) . The summer mean temperature and temperature extremes in Eastern China can be increased by the anthropogenic influence (Sun et al. 2014) . The direct impacts of changes in GHG concentrations and AA emissions contribute to the 2014 hot and dry summer in Northeast China, beside SST anomaly . Both anthropogenic factors and atmospheric natural variability contributed to the 2013 mid-summer heat wave in Central and Eastern China (Ma et al. 2017) .
Physically, the climate system warms in response to the increase in GHG concentrations, because the atmosphere traps more outgoing longwave radiation (e.g., Cubasch et al. 2001; Dong et al. 2009 Dong et al. , 2017a . In addition, AA can affect the surface and atmospheric temperature by altering the radiative properties of clouds through aerosol-cloud interaction (Hansen et al. 1997; Stevens and Feingold 2009) , and by scattering and absorbing the solar radiation directly through aerosol-radiation interaction. Additionally, remote AA emissions can impact on local temperature and temperature extremes through changing dynamics. For example, the remote AA emissions over Europe have a downstream extension impact on the temperature and temperature extremes over East Asia . Besides anthropogenic aerosol emissions, natural aerosol emissions can also influence climate dynamics (e.g., Yang et al. 2016 Yang et al. , 2017 .
The previous studies have highlighted external forcings, particularly anthropogenic changes, play an important role in decadal changes of temperature extremes. However, the relative individual contributions of changes in GHG concentrations and AA emissions to the observed changes in temperature extremes are still not clear. Therefore, the main aims of this work are to quantify the relative roles of changes in GHG and AA forcing in shaping the changes in temperature extremes over China, and to understand the physical processes responsible.
Despite the rapid development of attribution studies in climate extremes in recent years , there is still no consensus about the best methodology for attribution. One widely-used attribution approach relies on an atmospheric general circulation model (AGCM) forced by prescribed sea surface temperatures (SSTs), with and without anthropogenic influences (e.g., Christidis et al. 2013; Kamae et al. 2014; Kim et al. 2015; Schaller et al. 2016) .
A potential limitation of these experiments is the lack of explicit air-sea interaction, which causes an inconsistency in surface energy fluxes and can limit a model's ability to accurately simulate natural climate variability (e.g., Barsugli and Battisti 1998; He and Soden 2016) . Another ordinary attribution method is bases on a coupled general circulation model (CGCM) with constant emissions, which reaches equilibrium after a long integration (Bollasina et al. 2011; Li and Ting 2016; Wang et al. 2012 Wang et al. , 2013 . The experiments in CGCMs with full ocean dynamics have huge computational cost. Moreover, the CGCMs may exhibit significant biases in the mean state, such as a large cold equatorial SST bias in Pacific (Vannière et al. 2013) . Thus, replacing the threedimension ocean GCM with an ocean mixed-layer model would reduce the cost of the experiments, and have a smaller SST bias (due to a prescribed flux correction), whilst also retaining intra-seasonal variability and coupling between the atmosphere and the ocean. Therefore, this work is based on a set of experiments using an atmosphere-ocean-mixed-layer couple model (Hirons et al. 2015; Tian et al. 2018) .
The structure of this paper is organized as follows: Sect. 2 illustrates the observed decadal changes in temperature extremes over China. The model and experiments are described briefly in Sect. 3. Section 4 evaluates the simulated changes in response to changes in GHG concentrations and AA emissions. Sections 5 and 6 illustrate the physical processes involved in the responses of hot and cold extremes to changes in anthropogenic forcings, respectively. Conclusions are summarized in Sect. 7.
2 Observed decadal changes in temperature extremes over China
Observational datasets
The China stations data used are the homogenized datasets of daily maximum temperature (Tmax) and minimum temperature (Tmin) series with 753 stations in China from 1960 to 2016 (Li et al. 2016b (Donat et al. 2013) . The hot extremes indices are annual hottest day temperature (TXx), and warmest night temperature (TNx), the frequency of summer days (SU, annual number of days when Tmax > 25 °C), and tropical night (TR, annual number of days when Tmin > 20 °C). The cold extremes indices are annual coldest day temperature (TXn), and coldest night temperature (TNn), the frequency of ice days (ID, annual number of days when Tmax < 0 °C), and frost days (FD, annual number of days when Tmin < 0 °C).
Observed decadal changes since the mid-1990s
Figure 1 illustrates the time evolution of the area averaged annual mean temperature extremes anomalies over China and over three sub-regions, relative to the climatology, averaged over the whole time period. These time series clearly show the abrupt changes in both hot and cold extremes since the mid-1990s. Therefore, the decadal change in this study is compared between present day (PD) of 1994-2011 and early period (EP) of [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] . During summer, a rapid increase in TXx since the mid-1990s occurs in China (Fig. 1a) . The change in TXx anomaly during the PD relative to the EP is 0.57 °C in China station data, which is about two times as large as its interannual variation of 0.27 °C. This robust increase is also supported by the GHCNDEX data with a change in TXx anomaly of 0.77 °C. Additionally, the increase of TXx from the EP to the PD occurs in each sub-region over China, with a range of changes from 0.40 to 0.76 °C. Moreover, accompanied with the increase of TXx, the frequency of SU rises by 9 days over China (8 days in GHCNDEX data; Fig. 1c ). Similar to the increase of TXx, TNx also shows significant increase over China since the mid-1990s (Fig. 1b) . The change in TNx anomaly is 0.76 °C (0.96 °C in GHCNDEX data). The remarkable decadal increase of TNx occurs in individual sub-regions over China, with the greatest amplitude of 1.05 °C over NC and the smallest amplitude of 0.52 °C over SEC. The frequency of TR rises by 8 days in China (Fig. 1d) , coinciding with the increase of TNx. During winter, the cold extremes also exhibit decadal changes since the mid-1990s, being characterized as a rise in temperature and a decrease in frequency of cold days. TXn anomaly increases by 1.48 °C over China (Fig. 1e) , being similar to the change of 1.45 °C in GHCNDEX data. The increase of TXn manifests over three sub-regions with a range from 0.94 to 1.59 °C. As a result of the increase of TXn, the frequency of ID is decreased by about 4 days over China (Fig. 1g) . The decrease in ID is mainly over NC, with the magnitude of 8 days. Moreover, a robust increase in TNn appears since the mid-1990s. The changes of TNn anomaly is 1.82 °C over China, being consistent with 1.86 °C in GHCNDEX data (Fig. 1f) . The greatest increase of TNn is over NC (2.17 °C). Additionally, the frequency of FD is decreased by about 10 days (Fig. 1h) . It is noted that the changes in cold extremes are larger than hot extremes. This is consistent with stronger seasonal warming over northern hemisphere mid-latitudes in boreal winter than in boreal summer in response to anthropogenic forcing (e. g., Dwyer et al. 2012; Dong et al. 2017b) , which is related to the snow albedo feedback (e.g., Stouffer and Wetherald 2007; Rangwala et al. 2016) .
The spatial patterns of changes in these temperature extremes during the PD relative to the EP are illustrated in Fig. 2 . The most important features of changes are the increase in hot extremes and decrease in cold extremes over the most regions of China although there are some spatial variations ( Fig. 2b-i) . For the hot extremes, the changes in TXx and TNx show a large increase over NC with a magnitude of about 1.0-1.5 °C (Fig. 2b, c) . While the changes in the frequencies of SU and TR show the increase in a large domain over SEC (Fig. 2d, e) . For the cold extremes, the TXn and TNn show a relatively uniform increase over China with a range of 1.5-2.5 °C (Fig. 2f, g ). The frequencies of ID and FD show a decrease over the most regions of China (Fig. 2h, i) .
The robust decadal changes in the temperature extremes have been observed over China since the mid-1990s. Questions come out naturally: what has caused these rapid changes? Do the anthropogenic activities drive these changes? A set of experiments using a coupled climate model are performed to assess contributions of changes in anthropogenic forcings (GHG concentrations and AA emissions) to observed decadal changes in temperature extremes over China since the mid-1990s, and to quantify the relatively roles of individual forcing factors and to elucidate physical processes involved.
Model and experiments design
The model used is an atmosphere-ocean-mixed-layer coupled model called MetUM-GOML1 (Hirons et al. 2015) . The atmospheric component is the Met Office Unified Model (MetUM) at the fixed scientific configuration Global Atmosphere 3.0 (GA3.0; Arribas et al. 2011; Walters et al. 2011 ) with a horizontal resolution of 1.875° longitude and 1.25° latitude.
The model includes earth system components such as an interactive tropospheric aerosol scheme and the following aerosol: ammonium sulphate, mineral dust, sea salt, fossil fuel black carbon, fossil fuel organic carbon, biomass burning aerosols, and secondary organic (biogenic) aerosols. The direct radiative effect due to scattering and absorption of radiation by all aerosol species is represented in the model. The semi-direct effect, whereby aerosol absorption tends to change cloud formation by warming the aerosol layer, is included implicitly (Walters et al. 2011) . The parameterization of the indirect effects is described in detail by Jones et al. (2011) . The model validation suggested a good performance in simulating aerosol properties and the detailed description of this aspect has been documented in Bellouin et al. (2011) . The modeled sulphate aerosol surface concentrations, nitrate aerosol concentrations, carbonaceous aerosol concentrations and total AODs are all compares well against observed measurements. Moreover, the model reproduced the known pattern of AOD, with industrial pollution in North America, Europe, and Asia, biomass burning aerosols in Central Africa and South America, and mineral dust transport across the Atlantic and Arabian Sea. The eastward gradient in AOD in North America and China is well reproduced. The oceanic component is a Multi-Column K Profile Parameterization (MC-KPP) mixed-layer ocean model. The atmospheric and oceanic components are coupled every 3 h. The air-sea coupling is limited by the maximum extent of a seasonally varying sea ice climatology (Hirons et al. 2015) . In the uncoupled region of MetUM-GOML1, the atmosphere is forced by the repeating mean annual cycle of SST and sea ice extent (SIE) from the Met Office HadISST data set (Rayner et al. 2003) . The horizontal resolution of MC-KPP is the same as the MetUM where it is coupled. The MC-KPP columns have 100 vertical levels with a depth of 1000 m. The vertical discretization allows very high resolution (approximately 1 m) in the upper ocean. Since MC-KPP simulates only vertical mixing and does not include ocean dynamics, climatological seasonal cycles of depth-varying temperature and salinity corrections are prescribed to represent the mean ocean advection and account for biases in atmospheric surface fluxes.
Since the mid-1990s, there have been increased anthropogenic GHG concentrations (14% increase in CO 2 , 23% increase in CH 4 and 7% increase in N 2 O), and significant changes in AA emissions. The changes in annual mean sulfur dioxide emissions are characterized as decreases over Europe and North America and increases over East and South Asia (Fig. 3) .
As summarized in Table 1 , a 12 year MetUM-GOML1 relaxation experiment (R0) was firstly performed in which the MC-KPP profiles of temperature and salinity were relaxed to a present day (PD; 1994-2011) ocean temperature and salinity climatology derived from the Met Office ocean analysis (Smith and Murphy 2007) . The relaxation experiment used PD GHG and AA forcings (Lamarque et al. 2010 (Lamarque et al. , 2011 . The daily mean seasonal cycle of ocean temperature and salinity corrections from the coupled relaxation experiment are then imposed in free-running coupled experiments. Four other experiments are performed by using different forcings. These experiments represent the early period (EP; 1964 -1981 , All Forcing present day (PDGA), GHG forcing (PDG) and AA forcing (PDA) with no relaxation. All experiments are run for 50 years and use the climatological PD sea ice extent from HadISST (Rayner et al. 2003) . The last 45 years of each experiment are used for analysis. Using the same set of experiments, Tian et al. (2018) has investigated the responses of the East Asian summer monsoon (EASM).
The response to a particular forcing is estimated by the difference between a pair of experiments that include and exclude that forcing. The combined effect of changes in both GHG and AA (hereafter All forcing) is the difference between PDGA and EP experiment (PDGA-EP). The impact of changes in GHG concentrations (hereafter GHG forcing) is the difference between PDG and EP (PDG-EP) and the impact of changes in AA emissions (hereafter AA forcing) is the difference between PDA and EP (PDA-EP). The spatial distributions of changes in hot extremes in response to different forcings are shown in Fig. 4 . The model experiment in response to changes in All forcing from the EP to the PD, not only reproduces the significant increase of hot extremes over China, but also captures the generally spatial patterns of observed changes ( Fig. 4a-d) .
The increase magnitude of TXx and TNx in response to All forcing changes exceed 0.5 °C over the most area of China (Fig. 4a, b) , with a greater centers over NC (exceed 1.0 °C), which are consistent with observations (Fig. 2b,  c) . As a result, the frequencies of SU and TR manifest a significant increase over China in response to All forcing changes (Fig. 4c, d) . The large increase domain is over SEC, which is also seen in observations (Fig. 2d, e) . The similarities between the changes in response to All forcing and observed changes indicate that the observed increase in hot extremes over China since the mid-1990s is predominantly due to the anthropogenic GHG and AA changes. Moreover, in response to the GHG forcing change, the hot extremes show a more or less uniform increase over China (Fig. 4e-h ). The spatial pattern and magnitude of changes in hot extremes in response to GHG forcing changes are similar to those in response to All forcing changes, indicating that changes in GHG concentrations play a dominant role in the increase in hot extremes over China. Nevertheless, the role of changes in AA forcing in the hot extremes is relatively weak and shows a dipole pattern with increases in north and decreases in south (Fig. 4i-l) . The increase in TXx and TNx, as well as the increase in the frequencies of SU and TR, is shown over NC in response to changes in AA forcing, although the magnitude is weaker than that in response to changes in GHG forcing. However, the decrease in TXx, TNx and frequencies of SU and TR appears over SEC and SWC in response to changes in AA forcing.
In terms of the cold extremes, their responses to changes in different forcings are illustrated in Fig. 5 . The rise in TXn and TNn and the decrease in the frequencies of ID and FD in response to All forcing changes coincide with observations ( Fig. 5a-d) . In response to changes in GHG forcing, the increase in TXn and TNn and the decrease in the frequencies of ID and FD are not only comparable to those in response to All forcing changes, but also consistent with those in observations ( Fig. 5e-h ), suggesting that GHG forcing changes play a vital role in the observed decadal changes of cold extremes. Additionally, AA forcing changes also contribute to changes in cold extreme (Fig. 5i-l) , particularly to the rise in TXn and TNn and decrease in frequencies of ID and FD over NC and SEC, although their magnitudes are weaker than those in response to GHG forcing changes. Quantitatively, the model simulated changes in response to All forcing changes reproduce the observed changes in temperature extremes over China realistically, although some extreme indices are overestimated a little bit. In response to All forcing changes, the area averaged TXx (TNx) over China is 1.05 °C (0.92 °C), which are comparable to the observed changes of 0.58 °C (0.76 °C). The TXn and TNn averaged over China in response to All forcing changes are 1.69 and 1.45 °C, which are very close to observed changes of 1.48 and 1.82 °C.
Moreover, the agreement of model simulated magnitude of extreme indices with those in observations is not only over China as a whole, but also over individual sub-regions. Figure 6 demonstrates some area averaged temperature extreme indices over the three sub-regions for both observations and model simulated response. The area averaged magnitude of TXx in response to All forcing changes are comparable to observations, although they are overestimated a little bit over NC and SEC. The simulated magnitude TNx is also in good agreement with the observations, particularly over NC. The changes of TNx over NC in response to All forcing changes is 1.07 °C, compared to the observed changes of 1.05 °C. Additionally, the frequencies of SU and TR in response to All forcing changes are very similar to those in observations in each sub-region. On the other side, the model simulated magnitudes of cold extremes in response to All forcing changes over the three sub-regions are in good agreement with observations. The TXn (TNn) is 2.26 °C (1.84 °C) over NC, 1.28 °C (1.07 °C) over SEC and 0.64 °C (0.82 °C) over SWC, which are very close to observed changes of 1.59 °C (2.17 °C) over NC, 1.52 °C (1.59 °C) over SEC and 0.94 °C (1.36 °C) over SWC. The decrease of frequencies of ID and FD also coincides with observations. Separately, the model simulated response to GHG forcing changes exhibit increase in hot extremes over all the three sub-regions. The magnitude of this increase in response to GHG forcing changes is almost equal to that in response to All forcing changes, indicating a dominant contribution of changes in GHG concentrations to the simulated increase in hot extremes over China. On the contrary, the simulated responses of hot extremes in response to AA forcing changes show positive value over NC but negative value over SEC, which are consistent with the dipole pattern with increases in north and decreases in south (Fig. 4i-l) . In terms of cold extremes, the model simulated increase in cold temperatures and decrease in frequencies of cold days result from the combined effects of changes in both GHG concentrations and AA emissions. The simulated magnitude of TXn and TNn in response to GHG forcing changes is about two to three times as large as that in response to AA forcing changes. The simulated magnitudes of TXn (TNn) are 2.03 °C (1.08 °C) over NC and 1.21 °C (1.71 °C) over SEC in response to GHG forcing changes, in comparison to 0.76 °C (0.55 °C) over NC and 0.64 °C (0.5 °C) over SEC in response to AA forcing changes.
There is a nonlinearity for some extreme temperature changes in response to changes in GHG concentrations and AA emissions in model simulations, i.e., the sum of responses to separate forcings is not equal to the response to changes in All forcings together. This nonlinearity is weak over NC. The increase of extremes over NC in response to changes in GHG forcing explains up to 75% of the TNx, 90% of the TXn and 60% of the TNn increase in response to All forcing (assuming linearity). But the nonlinearly is clearly shown for some temperature extremes over SEC (Fig. 6c) , and ID and FD over SWC (Fig. 6f) . The nonlinearity of responses to different forcings has noticed by previous studies (Feichter et al. 2004; Ming and Ramaswamy 2009; Shiogama et al. 2012) . They suggested that the nonlinear cloud response is likely the source for this nonlinearity. The response of cloud water content and cloud radiative effect have strong dependency in the combined forcing experiment than in either of the individual forcing experiments. In our study, the large nonlinearity is over SEC, where the water vapor content is high. The high humidity tends to increase the nonlinear cloud response to the anthropogenic forcing. However, detailed discussion of this nonlinearity is beyond the scope of this study. The simulated response to changes in All forcing indicates that anthropogenic changes play an important role in generating observed decadal changes in temperature extremes. However, the responses to changes in GHG and AA show some different characteristics. Model results indicate that GHG forcing changes tend to increase both hot and cold extreme temperatures TXx, TNx, TXn, and TNn, increase frequency of SU and TR, and decrease frequency of ID and FD over China, while AA forcing changes are likely to warm NC and cool SEC during summer and induce surface warming over NC and SEC during winter. The physical processes responsible for the changes in hot and cold extremes in response to different forcings are discussed in next sections, respectively.
Physical processes responsible
for the decadal changes of hot extremes
Induces by GHG forcing changes
The spatial patterns of summer mean changes for the key components of surface energy balance and related variables induced by changes in GHG forcing are illustrated in Fig. 7 . The direct impact of the increase in GHG concentrations leads to an increase of clear sky downward longwave (LW) radiation of 0.94 W m − 2 over China ( Fig. 7a ; as expected for an increase in the Greenhouse Effect), although part of this increase would be compensated by increase of upward surface LW radiation (− 0.49 W m − 2 ) since surface warming (Fig. 7b) . The net LW anomaly tends to reflect a balance between the increase emission from the warmer surface (Fig. 7a) and the negative LW cloud radiative effect (LW CRE; not shown), as a consequence of reduction in cloud cover (Fig. 7c, d ). The decrease in cloud cover over land is related to the decrease in relative humidity (not shown) since specific humidity over land increases less (reduction of evapotranspiration related to the CO 2 physiological effect and constrained by ocean warming) than specific humidity at saturation which increases with the continental surface temperature following the Clausius-Clapeyron relationship (e.g., Dong et al. 2009; Boé and Terray 2014) . The reduction of cloud cover and decrease of relative humidity, being likely due to the surface warming, lead to positive shortwave cloud radiative effect (SW CRE; with the value of 1.62 W m − 2 ; Fig. 7e ) and positive net surface shortwave (SW) radiation (with the value of 0.95 W m − 2 ; Fig. 7f ) over the most part of China, which in turn have a positive feedback on surface warming. In summary, it is the increased Greenhouse Effect that induces the increase in hot extremes over China, with increase of the net downward clear sky LW radiation, in response to GHG forcing changes. Moreover, the increase of net surface SW radiation related to positive SW CRE, being associated with the decrease of cloud cover, has a positive feedback with the surface warming due to the increase of GHG concentrations, which also contributes to the increase of hot extremes over China.
Induced by AA forcing changes
The spatial distributions of the summer mean changes for the key components of surface energy balance and related variables induced by changes in AA emissions are illustrated in Fig. 8 . Changes in sulfate aerosol optical depth (AOD) indicate a decrease over Europe and an increase over East Asia and South Asia (Fig. 8a) . Local increase of AOD over East Asia leads to decrease of net clear sky SW radiation (− 3.36 W m − 2 ) over China through aerosol-radiation interactions (Fig. 8b) . However, the SW CRE changes show positive anomaly, particularly over NC with a magnitude of 1.22 W m − 2 (Fig. 8c) . This positive SW CRE warms the surface and leads to increase in hot extremes over NC while the decrease of net surface SW radiation through AA induced net clear sky SW radiation change cools the surface and leads to decrease in hot extremes over SEC. The positive SW CRE over NC is induced by the decrease of cloud cover (Fig. 8d) , which is related to the decrease of soil moisture (Fig. 8d) and water vapor in the atmosphere (Fig. 8f) . This is consistent with Tian et al. (2018) , who suggested a drying over NC related to a weakening of EASM in response to AA forcing changes. The weakening of EASM is associated with weaker moisture transport convergence and reduced precipitation (not shown), soil moisture (Fig. 8e) and evaporation (not shown) over NC, leading to decrease in water vapor in the atmosphere (Fig. 8f) , which in turn gives rise to the positive SW CRE, as a consequence of decrease in cloud cover. In summary, direct impact of changes in AA forcing induces a decrease in clear sky SW radiation, which results in surface cooling over ). Radiation is the net component and in W m − 2 with positive value meaning downward. The black lines highlight regions where the changes are statistically significant at the 90% confidence level base on t test SEC and SWC. However, the positive SW CRE and reduced upward latent heat flux (not shown), induced by decrease of cloud cover related to reduction of precipitation over NC and decrease of soil moisture, tend to warm the surface and contribute to increase in hot extremes over NC.
6 Physical processes responsible for the decadal changes of cold extremes Figure 9 is the spatial distributions of the winter mean changes for the key components of surface energy balance and related variables induced by changes in GHG concentrations. The downward clear sky LW radiation is increased over southern part of China with the value of 0.66 W m − 2 (Fig. 9a) , although part of this increase is likely to be compensated by the increase of upward surface LW radiation due to surface warming (Fig. 9b) . The positive value of net clear sky LW radiation is partly due to direct impact of incease in GHG concentrations and partly due to increases of water vapor in the atmosphere related to GHG induced ocean warming (Fig. 9c) . Furthermore, the net surface SW radiation is increased over northern part of China (Fig. 9d) , which is mainly due to the increase of net clear sky SW radiation (Fig. 9e) . The positive clear sky SW radation, with a vaule of 4.5 W m − 2 over NC, results from snow albedo feedback through the reduction of snow cover and depth due to skin temperature warming (Fig. 9f, e.g., Robock 1983; Yang et al. 2001; Bony et al. 2006; Qu and Hall 2007; Thackeray and Fletcher 2016) . In summary, the positive change in net clear sky LW radiation due to the Greenhouse Effect and associated water vapor feedback contribute to the warming over SWC and SEC and leads to changes in cold extremes. The increase of net surface SW radiation, mainly due to the increase of clear sky SW radiation related to decrease in snow cover and depth, leads to large changes in day-time extremes Figure 10 is the spatial distributions of the winter mean changes for the key components of surface energy balance and related variables induced by changes in AA emissions. During winter, AA emissions are advected by mean flow to the Indian Ocean and western North Pacific, instead of that the AA effects are more over emission area due to relatively weak advections during summer. There is significant cooling over the Indian Ocean and western North Pacific (Fig. 10a) results from the increased AA advected by prevailing winds from South and East Asia. This cooling corresponds to the decrease of water vapor extending from western North Pacific to East Asia (Fig. 10b) . The decrease of water vapor in the atmosphere results in decrease of cloud cover over Eastern China (Fig. 10c) , which induces positive SW CRE (Fig. 10d) . The positive SW CRE, with a magnitude of 4.01 W m − 2 over NC and SEC, contributes to the local surface warming (Fig. 10a ) and decrease in cold extremes over NC and SEC. In addition, the decrease of upward latent heat flux ( Fig. 10e; 1.33 W m − 2 ), as a consequences of decrease in evaporation (Fig. 10f) , also makes a contribution to the surface warming and a contribution to increase in TXn and TNn and decrease in frequencies of ID and FD over SEC.
Induces by GHG forcing changes

Induced by AA forcing changes
Conclusions
We found significant decadal changes in both hot and cold extremes over China since the mid-1990s by using Chinese observed station dataset. These changes are characterized as the rise in TXx, TNx and the increase in frequencies of SU and TR during summer, and the rise in TXn and TNn and the decrease in frequencies of ID and FD during winter. In this study, we have performed a set of experiments using an atmosphere-ocean-mixed-layer coupled model called MetUM-GOML1 to assess the contributions of All forcing changes, as an combined effects of GHG and AA forcing, to observed decadal changes in temperature extremes over China across the mid-1990s, and quantify the relatively roles of changes in GHG concentrations and AA emissions, respectively. The main conclusions are as follow.
Observations indicate that there was an abrupt change in temperature extremes over China since the mid-1990s. The changes of temperature extremes are analyzed by the comparison between the PD of 1994-2011 and the EP of 1964-1981. Spatially averaged over China, the hot extremes of TXx and TNx are increased by 0.58 and 0.76 °C, respectively. The frequencies of SU and TR are increased by about 7 ~ 9 days. The cold extremes of TXn and TNn are increased by 1.48 and 1.82 °C, respectively. The frequencies of ID and FD are decreased by about 1 week. Furthermore, these abrupt decadal changes occur not only over China as a whole, but also over three sub-regions of NC, SEC and SWC, even though they exhibit various climatic types.
The atmosphere-ocean-mixed-layer coupled model MetUM-GOML1 in response to changes in GHG concentrations and AA emissions together (All forcing) realistically reproduces the spatial patterns of the observed decadal changes in both hot and cold temperature extremes. Quantitatively, the model simulated changes in response to All forcing changes are comparable to the observed decadal changes. The results indicate a dominant role of anthropogenic changes in the observed decadal changes of temperature extremes over China across the mid-1990s.
Moreover, model responses to changes in GHG concentration and AA emissions show some different characteristics. GHG forcing changes lead to increase in hot extremes (TXx, TNx, SU and TR), and TNx and TNn and decrease in frequencies of ID and FD over China, while AA forcing changes lead to weak increases in hot extremes over NC and decrease over SEC during summer and induce changes in cold extremes the same sign as those induced by GHG over NC and SEC during winter, but with weak magnitude. The responses of cold extremes in response to changes in GHG forcing are two to three times as large as those in response to changes in AA forcing, indicating a dominant role of GHG forcing changes in the model simulated cold extreme changes in response to All forcing changes. Relatively, the increase of extremes over NC in responses to changes in GHG forcing explains up to 75% of the TNx, 90% of the TXn and 60% of the TNn increase in response to changes in All forcing (assuming linearity). These results indicate that the model simulated extreme temperature changes in response to All forcing changes are predominantly induced by GHG forcing change, but AA change also makes some weak contributions.
In response to the increase of GHG concentrations, the increase of hot extremes is mainly due to the increased Greenhouse Effect with positive net surface clear sky LW radiation. Additionally, the increase of net surface SW radiation, mainly resulted from the positive SW CRE, associated with the decrease of cloud cover, has a positive feedback with the surface warming and the increase in hot extremes. In terms of changes in cold extremes in response to GHG forcing changes, the increase of net surface clear sky LW radiation due to the increased greenhouse effect and associated water vapor feedback tend to result in surface warming over southern part of China, and therefore lead to increase in TXn and TNn and decrease in frequencies of ID and FD. The changes of cold day-time extremes (TXn and ID) over NC are further enhanced by the increase of clear sky SW radiation related to the decrease of snow albedo feedback.
During summer, the response of hot extremes over China to changes in AA forcing exhibits a dipole pattern with increases in north and decreases in south. Local increase of AOD over East Asia leads to decrease of net clear sky SW radiation, which tends to cool the surface. However, the positive SW CRE tends to warm the surface and leads to increase in hot extremes over NC. The positive SW CRE is induced by the decrease of cloud cover, which related to the decrease of soil moisture, as a consequence of reduction in precipitation over NC, while decreases in hot extremes over South China are the results of direct impacts of AA forcing changes through aerosol-radiation and aerosol-cloud interactions due to increased AA emissions over East Asia. During winter, AA emissions are advected by mean flow to the Indian Ocean and western North Pacific, which induces cooling over there. This cooling reduces water vapor and therefore reduces cloud cover over East Asia, leading to positive SW CRE over NC and SEC and therefore leading to increase in TXn and TNn and decrease in frequencies of ID and FD over NC and SEC. In this study, besides the cooling effect by the direct impacts of AA forcing changes through aerosol-radiation and aerosol-cloud interactions, we find a surface warming over NC during summer and over China during winter driven by AA forcing changes. The warming induced by changes in AA is not only seen in our model result, but also noticed in previous studies by using Canadian Earth System Model (CanESM2; Wen et al. 2013) and the CMIP5 models (Li et al. 2016a ). We further suggest that the warming effect is through the AA-induced atmosphere-cloud feedback.
Our results suggest the different roles of GHG and AA in temperature extremes. The model shows a strong warming over China in response to GHG forcing, and a cooling over SC and a weak warming over NC in response to AA forcing during summer. In addition, previous studies have pointed out different roles of GHG and AA in shaping the temperature trend over China by using CMIP5 models. The CMIP5 experiments result suggested that the GHG plays a dominant role in the warming trend over China (e.g., Song et al. 2014; Zhao et al. 2016) , which is consistent with our model result. Zhao et al. (2016) showed that a cooling effect by AA forcing, but they further indicated that the individual effects of AA cannot be detected in the observed temperature changes with respect to the combined effects among all the other forcings, implying an uncertainty about the AA forcing impact in their study. In addition, Li et al. (2016a) further suggested that the indirect AA effect (including indirect, semidirect, surface albedo effects, and so on) induce warming over NC, which also can be seen in our model result.
The results in this study indicate a remarkable role of anthropogenic changes, especially the increased GHG concentrations, in the observed decadal changes of temperature extremes over China since the mid-1990s. Given the fact that GHG concentrations and local AA emissions will continue to rise in the next few decades, observed recent decadal changes in temperature extremes over China are likely to sustain, or even amplify in the near future.
